Abstract: Photocatalytic nanomaterials such as TiO 2 are receiving a great deal of attention owing to their potential applications in environmental remediation. Nonetheless, the low efficiency of this class of materials in the visible range has, so far, hampered their large-scale application. The increasing demand for highly efficient, visible-light-active photocatalysts can be addressed by hybrid nanostructured materials in which two or more units, each characterised by peculiar physical properties, surface chemistry and morphology, are combined together into a single nano-object with unprecedented chemical-physical properties. The present review intends to focus on hybrid nanomaterials, based on TiO 2 nanoparticles able to perform visible-light-driven photocatalytic processes for environmental applications. We give a brief overview of the synthetic approaches recently proposed in the literature to synthesise hybrid nanocrystals and discuss the potential applications of such nanostructures in water remediation, abatement of atmospheric pollutants (including NO x and volatile organic compounds (VOCs)) and their use in self-cleaning surfaces.
Introduction
Visible-light-driven photocatalytic processes represent the current frontier of research in the field of photocatalysis. Indeed, in spite of the great deal of attention devoted to photoactive nanomaterials in the last 20 years, their scarce efficacy under solar light and, thus, the high cost of the photocatalytic processes, has still hampered their large-scale application [1] [2] [3] [4] .
Semiconductor-assisted photocatalytic oxidation processes can be potentially exploited in photocatalysis, air and water remediation, self-cleaning and bactericidal coatings, new generation solar cells, hydrogen production, sensing and cultural heritage protection [2, [4] [5] [6] [7] [8] [9] [10] [11] . TiO 2 has been regarded as among the most promising materials, owing to its high chemical stability, commercial availability and outstanding photocatalytic activity [3] . Nanosized TiO 2 demonstrated improved performances, with respect to its bulk counterpart, thanks to its extremely high surface-to-volume ratio that turns into a high density of catalytically active surface sites [12] [13] [14] . In addition, thanks to the size-dependent band gap of nanosized semiconductors, it is possible to finely tune the redox potentials of photogenerated electron-hole pairs to selectively control photochemical reactions. Furthermore, charges photogenerated in nanocatalysts can easily reach the catalyst surface, thus decreasing the probability of bulk recombination [3, 15] . As a drawback, because of its large band gap (3.2 eV), the absorption onset of bare TiO 2 falls in the UV, thus resulting in a low efficiency for visible or sunlight-driven photocatalytic applications. Indeed, the UV fraction of the solar spectrum is only~4%, whereas the proportion of photons in the visible region reaches nearly 50% [16] . Therefore, effective harvest of such a highly intense photon flux portion would represent a remarkable breakthrough toward the large-scale application of photocatalysis, ultimately addressing the growing demand of clean industrial processes. An additional challenge is represented by the need to improve the efficiency of photocatalytic processes in order to reduce electron-hole (e − /h + ) pair recombination, and to finely control size, shape, crystalline phase and surface chemistry of TiO 2 nanoparticles.
Indeed, the capability to tune size and shape allows us to increase the surface-to-volume ratio (i.e., the density of catalytically active surface sites) and to tailor the redox potential e − /h + pairs and expose selected crystalline planes [17] . In general, the strategies proposed to increase the lifetime of e − /h + and improve the photoactivity of TiO 2 in the visible range can be classified as follows: (i) introduction of red-ox couples or noble metals at semiconductor particle surface; (ii) doping with metal of non-metal atoms; (iii) coupling with narrow band gap semiconductors able to absorb visible light. Among the plethora of approaches proposed in the literature so far [1, 2, [18] [19] [20] , hybrid nanocrystals, i.e., nanostructured materials formed by two or more components, each characterised by peculiar physical properties, surface chemistry and morphology, combined together into one nano-object, hold great promise for the development of multifunctional nanocatalysts. Indeed, hybrid nanocrystals offer the opportunity to merge in one material photocatalytic semiconductors and plasmonic structures, or semiconductors and oxides with a different energy gap, or semiconducting and magnetic oxides, resulting in countless possible combinations [2, 18, [20] [21] [22] [23] [24] [25] . Besides the photoactivity under visible light irradiation, hybrid nanocrystals could also provide spatial separation of e − /h + , thus improving the lifetime of the excited state and an opportunity to magnetically recover the photocatalysts or activate biocidal function even in the dark.
In the present review, we will focus our attention on such a class of hybrid nanocrystals, able to perform visible-light-driven photocatalytic processes for environmental application. In the first section, we give a brief overview of the synthetic approaches for their preparation, mainly focusing on wet chemical syntheses. In the second part of the review, we will discuss the potential application of hybrid nanocrystals in water remediation, abatement of atmospheric pollutants (NO x and volatile organic compounds (VOCs)) and their integration in construction materials for achieving self-cleaning surfaces and photocatalytic cements.
Synthesis
Solution-based techniques for the preparation of hybrid nanocrystals exploit the well-known principle of the Classical Nucleation Theory, which considers that the activation energy for the generation of a particle in solution (homogeneous nucleation) is much higher than the energy required to enlarge a pre-existing particle (heterogeneous nucleation) [22] . Indeed, the general reaction scheme starts from preformed nanocrystals of one material, which act as a "seed" for the nucleation of the second material. Usually, such seeds are already present or they are introduced into the reaction vessel containing the molecular precursors of the second, different material. Colloidal bottom-up routes are widely employed for this purpose because they allow nanometric shape control and, at the same time, preserve the chemical-physical identity of each component, thus maximizing the resulting synergistic properties. Such a goal can be accomplished by setting the reaction conditions in order to promote the heterogeneous growth of a new material on the pre-formed "seed particle", instead of enabling the homogenous formation of new particles. The features of the seed particles, including size, shape and faceting, can affect the morphology of the resulting heterostructures. Indeed, in principle, a low interfacial energy between the two materials results in a core shell geometry, while large interfacial energy gives rise to heterodimers. Remarkably, when the "seed particle" has rod-like geometry, it is possible to exploit the different reactivity of the rod facets in order to grow a second material on a selected facet [23, 26] .
In this section, we give a brief overview of synthetic approaches for photoactive hybrid nanocrystals, addressing the reader to more specific reviews for a deeper discussion [18, 21, 22] .
TiO2/Semiconductor Hybrid Nanocrystals
In recent years, the combination of TiO2 nanomaterials with other semiconductors has been demonstrated to be very promising in enhancing photocatalytic activity. In particular, the coupling of TiO2 with semiconductors with different band gaps has been proposed to extend the absorption wavelength range to the visible range and to hamper the e + /h + recombination [27, 28] . The TiO2/semiconductors hybrid heterostructures can be divided into: p-n semiconductor heterojunction and non-p-n heterojunction systems. When p-and n-type semiconductors come into contact, a socalled "space-charge region" is generated at the interface, thus forming a p-n junction. In the "spacecharge region" a charge density depletion occurs, thus creating "built-in potential"-that is, a difference of potential able to drive the charge carriers to travel in the opposite direction. These systems, including Cu2O/TiO2 [29] , CuBi2O4/TiO2 [30] , NiS/TiO2 [31] , and Graphene Oxide/TiO2 [32] , show several advantages: (1) improved charge separation; (2) improved charge transfer to the catalyst; and (3) longer charge carrier lifetime. On the other hand, in non-p-n heterojunctions, the two semiconductors (A and B) are tightly bound to build an efficient heterostructure in which the internal field is able to promote the separation and migration of photogenerated carriers. For such non-p-n heterojunction systems, like CdS/TiO2 [33] , InO3/TiO2 [34] , WO3/TiO2 [35] , Fe2O3/TiO2 [36] , and ZnO/TiO2 [24, 25] the staggered band gap type structure is the most suitable for photocatalytic applications [27] .
Generally speaking, visible-light-active TiO2-based hybrid heterostructures based on coupled semiconductors are a combination of TiO2 with a second semiconductor nanoparticle with a narrower band gap able to generate an e − /h + pair upon irradiation with visible light, so that the electrons can migrate towards the TiO2 conduction band, while holes are trapped in the second material ( Figure 1 ) [37] . Notably, hybrid nanocrystals can be rationally designed in order to produce a favourable alignment of band offset and energy levels. Reprinted with permission from [28] . Copyright 2013, American Chemical Society.
The photocatalytic performance of these coupled semiconductors is related to the geometry of the particles, the extent of contact surface between particles and the particle size, besides the flat band potential of the components. These parameters strongly depend on the method used for their preparation [1] . Moreover, the coupling may occur in many forms such as layered or core-shell structures and various fabrication methods can be applied, including chemical synthesis, solution-or gas-phase deposition, and templated fabrication [37] . Coupled oxide-based hybrid nanoheterostructures (MxOy/TiO2) and sulphide-based nano-heterostructures MxSy/TiO2 are the most widely used to improve visible-irradiation-driven photocatalytic processes [28] . The photocatalytic performance of these coupled semiconductors is related to the geometry of the particles, the extent of contact surface between particles and the particle size, besides the flat band potential of the components. These parameters strongly depend on the method used for their preparation [1] . Moreover, the coupling may occur in many forms such as layered or core-shell structures and various fabrication methods can be applied, including chemical synthesis, solution-or gas-phase deposition, and templated fabrication [37] . Coupled oxide-based hybrid TiO 2 containing visible-light-active nanosized heterostructures based on coupled oxides generally exploit oxide semiconductors with a band gap energy lower than that of TiO 2 and with a more negative redox potential of conduction band (CB) electrons in order to absorb visible light and inject photo-generated electrons in TiO 2 CB. Under these conditions, the CB electrons in TiO 2 can initiate the photoreduction processes responsible for pollutant removal.
In particular, the TiO 2 /WO 3 couple has received much attention for improving the photocatalytic properties of TiO 2 under visible light irradiation, since WO 3 can be regarded as an electron accepting species. Indeed, both valence and conduction band of WO 3 lie below those of TiO 2 . In addition, WO 3 has a narrow band gap (~2.8 eV). Therefore, under visible light, photogenerated electrons can be excited from the valence band (VB) to the CB of WO x and the holes in the VB of WO x can be transferred to TiO 2 or remain in the VB of WO x (Figure 2 ) [28] . TiO2 containing visible-light-active nanosized heterostructures based on coupled oxides generally exploit oxide semiconductors with a band gap energy lower than that of TiO2 and with a more negative redox potential of conduction band (CB) electrons in order to absorb visible light and inject photo-generated electrons in TiO2 CB. Under these conditions, the CB electrons in TiO2 can initiate the photoreduction processes responsible for pollutant removal.
In particular, the TiO2/WO3 couple has received much attention for improving the photocatalytic properties of TiO2 under visible light irradiation, since WO3 can be regarded as an electron accepting species. Indeed, both valence and conduction band of WO3 lie below those of TiO2. In addition, WO3 has a narrow band gap (~2.8 eV). Therefore, under visible light, photogenerated electrons can be excited from the valence band (VB) to the CB of WOx and the holes in the VB of WOx can be transferred to TiO2 or remain in the VB of WOx (Figure 2 ) [28] . Sajjad et al. synthesised WO3/TiO2 by a sol-gel process using solutions of Ti(OBu)4 and solutions of ammonium tungstate. Subsequently, the product was activated in a single-step thermal treatment in a vacuum to enhance the photocatalytic activity in the visible region [38] . Recently, Ren et al. prepared TiO2/WO3 composites with different contents of tungsten oxide by a microwave-assisted hydrothermal method, an environmentally friendly and novel process. Specifically, they have prepared TiO2/WO3 from TiCl4 and Na2WO4 without using any organic species [35] .
Furthermore, a promising strategy to enhance the visible-light photocatalytic performance is to combine Bi2WO6 with TiO2. The photocatalyst based on the TiO2/Bi2WO6 heterojunction has been synthesised by a simple and practical liquid phase method [39] . The hybrid nanocrystals are characterised by a special morphology with the TiO2 particles coating the surface of the flower-like Bi2WO6 microspheres. The obtained heterostructure has demonstrated improved light harvesting efficiency and effective electron/hole pair separation, which results in improved photoactivity.
Also, BiFeO3/TiO2 and ZnFeO4/TiO2 are favourable materials to develop a high-efficiency photocatalyst active in the visible region [1] . Core-shell structured BiFeO3/TiO2 nanocomposites have been synthesised by a hydrothermal process, followed by hydrolysis precipitation of tetrabutyl titanate (TBOT). The results indicate that BiFeO3/TiO2 nanocomposites have good visible-light absorption properties, which should be induced by Fe or Bi/Ti interdiffusion in the interfaces [40] . ZnFeO4/TiO2-coupled semiconductors have been successfully fabricated by a two-step process of anodization and a vacuum-assisted impregnation method, followed by annealing. In this case, the ZnFe2O4 sensitization enhances the probability of photoinduced charge separation and extends the range of the photoresponse of TiO2 nanotube arrays from the UV to the visible region [41] .
Hybrid nanocrystals based on one-dimensional (1D) TiO2 nanofibres have attracted increased attention because of their large surface area and reduced diffusion length compared to conventional TiO2-based materials. Considerable attention has recently been devoted to In2O3 as a co-catalyst in the formation of hybrid heterostructures with TiO2. A rich variety of In2O3-TiO2 photocatalysts has Reprinted with permission from [38] . Copyright 2010, Elsevier.
Sajjad et al. synthesised WO 3 /TiO 2 by a sol-gel process using solutions of Ti(OBu) 4 and solutions of ammonium tungstate. Subsequently, the product was activated in a single-step thermal treatment in a vacuum to enhance the photocatalytic activity in the visible region [38] . Recently, Ren et al. prepared TiO 2 /WO 3 composites with different contents of tungsten oxide by a microwave-assisted hydrothermal method, an environmentally friendly and novel process. Specifically, they have prepared TiO 2 /WO 3 from TiCl 4 and Na 2 WO 4 without using any organic species [35] .
Furthermore, a promising strategy to enhance the visible-light photocatalytic performance is to combine Bi 2 WO 6 with TiO 2 . The photocatalyst based on the TiO 2 /Bi 2 WO 6 heterojunction has been synthesised by a simple and practical liquid phase method [39] . The hybrid nanocrystals are characterised by a special morphology with the TiO 2 particles coating the surface of the flower-like Bi 2 WO 6 microspheres. The obtained heterostructure has demonstrated improved light harvesting efficiency and effective electron/hole pair separation, which results in improved photoactivity.
Also, BiFeO 3 /TiO 2 and ZnFeO 4 /TiO 2 are favourable materials to develop a high-efficiency photocatalyst active in the visible region [1] . Core-shell structured BiFeO 3 /TiO 2 nanocomposites have been synthesised by a hydrothermal process, followed by hydrolysis precipitation of tetrabutyl titanate (TBOT). The results indicate that BiFeO 3 /TiO 2 nanocomposites have good visible-light absorption properties, which should be induced by Fe or Bi/Ti interdiffusion in the interfaces [40] . ZnFeO 4 /TiO 2 -coupled semiconductors have been successfully fabricated by a two-step process of anodization and a vacuum-assisted impregnation method, followed by annealing. In this case, the ZnFe 2 O 4 sensitization enhances the probability of photoinduced charge separation and extends the range of the photoresponse of TiO 2 nanotube arrays from the UV to the visible region [41] . Figure 3 ) [34] . Recently, other architectures have been considered as well, including Cu2O deposited on TiO2 nanowires, Cu2O on TiO2 nanosheets, and Cu2O/TiO2 core-shell structures, all showing improved photocatalytic performance under visible light when compared to pure TiO2 [37] . Bi et al. synthesised Cu2O hollow nanospheres combined with TiO2 through in situ hydrolysis of Ti(OBu)4 under sonication. In this case, the formation of a p-n heterojunction in the composites induces an efficient suppression of recombination of the photogenerated electrons and holes, as well as the enhanced stability of the catalyst and, thereby, the improved visible-light photocatalytic activity [42] .
MxSy/TiO2-Based Hybrid Nanocrystals
The coupling of CdS and TiO2 nanoparticles has attracted great attention due to the ability of CdS, upon visible light excitation, to promote electrons in the conduction band, which can subsequently be injected into the TiO2 conduction band. Liu et al. reported a facile, template-free synthesis of CdS/TiO2 core-shell hybrid nanocrystals via a two-step solvothermal method. A uniform layer of TiO2 has been deposited onto the CdS core, thus forming the CdS core/TiO2 shell semiconductor nanocomposites [43] .
Another example is CdS/TiO2 nanofibres, which have been synthesised by a simple and practical electrospinning-assisted route. Specifically, CdS nanoparticles have been dispersed within the entire surface of the as electrospun TiO2 nanofibers, forming hierarchical hybrid nanocrystals. Compared with P25 and the unmodified TiO2 nanofibers, the CdS/TiO2 nanofibers have exhibited enhanced photocatalytic activity under visible-light irradiation, which might arise from the increased surface area and the promoted electrons-holes separation on the hierarchical structure ( Figure 4 ) [44] .
CuS has been also regarded as a possible alternative to CdS to convey photocatalytic activity in the visible light range to TiO2 nanoparticles. As an example, Fe-doped TiO2 nanotubes have been decorated with CuS nanoparticles. In the first step, 4 under sonication. In this case, the formation of a p-n heterojunction in the composites induces an efficient suppression of recombination of the photogenerated electrons and holes, as well as the enhanced stability of the catalyst and, thereby, the improved visible-light photocatalytic activity [42] .
The coupling of CdS and TiO 2 nanoparticles has attracted great attention due to the ability of CdS, upon visible light excitation, to promote electrons in the conduction band, which can subsequently be injected into the TiO 2 conduction band. Liu et al. reported a facile, template-free synthesis of CdS/TiO 2 core-shell hybrid nanocrystals via a two-step solvothermal method. A uniform layer of TiO 2 has been deposited onto the CdS core, thus forming the CdS core/TiO 2 shell semiconductor nanocomposites [43] .
Another example is CdS/TiO 2 nanofibres, which have been synthesised by a simple and practical electrospinning-assisted route. Specifically, CdS nanoparticles have been dispersed within the entire surface of the as electrospun TiO 2 nanofibers, forming hierarchical hybrid nanocrystals. Compared with P25 and the unmodified TiO 2 nanofibers, the CdS/TiO 2 nanofibers have exhibited enhanced photocatalytic activity under visible-light irradiation, which might arise from the increased surface area and the promoted electrons-holes separation on the hierarchical structure ( Figure 4 ) [44] .
Catalysts 2017, 7, 100 6 of 32 nanoflowers, fabricated by an element-direct-reaction route by using copper and sulphur powder, have been loaded on rutile TiO2 nanoparticles, demonstrating the ability to photocatalyze the degradation of methylene blue and 4-chlorophenol upon irradiation in the visible range [46] . Currently, the ternary chalcogenides, such as AgInS2, represent an emerging class of materials that can be successfully combined with TiO2, due to their excellent catalytic performance and the wide optical response in the visible range. Liu et al. have reported that AgInS2/TiO2 composites synthesised by a one-pot hydrothermal method have exhibited enhanced photoactivity under visible light compared to TiO2 P25 as a reference material. The photocatalytic performance has been discussed in terms of the quantum calculation of AgInS2 and the proper band alignment in the AgInS2/TiO2 composites. The hybrid nanocrystals show a band gap of 2.75 eV, in good agreement with the density of state calculations. According to surface photovoltage spectra, the heterostructures are expected to be efficient in separating the photogenerated electron and hole pairs [47] . CuS has been also regarded as a possible alternative to CdS to convey photocatalytic activity in the visible light range to TiO 2 nanoparticles. As an example, Fe-doped TiO 2 nanotubes have been decorated with CuS nanoparticles. In the first step, Fe-doped TiO 2 (Fe:/TiO 2 ) nanotubes have been synthesised by means of a sol-gel process involving the hydrothermal reaction of butyltitanate and ferric nitrate. Subsequently, CuS nanoparticles have been grown on the surface of Fe:TiO 2 nanotubes by successive ionic adsorption and a reaction method. Under constant ultrasonication, drops of Cu 2+ and of S 2− precursor solution have been alternatively added to the dispersion of the Fe:TiO 2 nanotubes. The obtained heterostructures have demonstrated improved photocatalytic performance under solar irradiation for the degradation of malachite green and naphthol green B [45] . Recently, CuS nanoflowers, fabricated by an element-direct-reaction route by using copper and sulphur powder, have been loaded on rutile TiO 2 nanoparticles, demonstrating the ability to photocatalyze the degradation of methylene blue and 4-chlorophenol upon irradiation in the visible range [46] .
Currently, the ternary chalcogenides, such as AgInS 2 , represent an emerging class of materials that can be successfully combined with TiO 2 , due to their excellent catalytic performance and the wide optical response in the visible range. Liu To go beyond the limited photocatalytic efficiency of pure TiO 2 under solar light due to its large band gap (3.2 eV), a new method for harvesting visible light has emerged, involving the strong plasmon resonance of Ag and Au nanoparticles [48] . Surface plasmons are the collective oscillation of the free charges confined to the surfaces of a noble metal. Metal nanoparticles, when irradiated with light at their plasmon frequency, generate intense electric fields at their surface. The frequency of this resonance depends on the nanoparticle size, shape, chemical composition and proximity to other nanoparticles. Therefore, control of such parameters allows us to tune the position of the plasmon absorbance band in the whole Vis-NIR (Near-Infrared) range [48] [49] [50] [51] [52] . In particular, in an anisotropic nanoparticle, such as a nanorod (NR), the oscillation of electrons could occur along the transverse and longitudinal axis, thus splitting the typical plasmon band in two signals. The transverse plasmon band is typically centred at 520 nm for Au nanoparticles and at 420 nm for Ag nanoparticles, while the longitudinal plasmon band position depends on the ratio between the length and diameter (aspect ratio) of the nanoparticle. Therefore, a fine-tuning of the aspect ratio of metal NRs allows us to shift the position of the longitudinal plasmon band across the whole visible-NIR range ( Figure 5 ) [2, 49, 53] . Furthermore, the increase in the aspect ratio results in a non-linear increase of the full width at half maximum (FWHM) of longer wavelength absorption peak [54] . 
TiO2/Plasmonic Material-Based Hybrid Nanocrystals
To go beyond the limited photocatalytic efficiency of pure TiO2 under solar light due to its large band gap (3.2 eV), a new method for harvesting visible light has emerged, involving the strong plasmon resonance of Ag and Au nanoparticles [48] . Surface plasmons are the collective oscillation of the free charges confined to the surfaces of a noble metal. Metal nanoparticles, when irradiated with light at their plasmon frequency, generate intense electric fields at their surface. The frequency of this resonance depends on the nanoparticle size, shape, chemical composition and proximity to other nanoparticles. Therefore, control of such parameters allows us to tune the position of the plasmon absorbance band in the whole Vis-NIR (Near-Infrared) range [48] [49] [50] [51] [52] . In particular, in an anisotropic nanoparticle, such as a nanorod (NR), the oscillation of electrons could occur along the transverse and longitudinal axis, thus splitting the typical plasmon band in two signals. The transverse plasmon band is typically centred at 520 nm for Au nanoparticles and at 420 nm for Ag nanoparticles, while the longitudinal plasmon band position depends on the ratio between the length and diameter (aspect ratio) of the nanoparticle. Therefore, a fine-tuning of the aspect ratio of metal NRs allows us to shift the position of the longitudinal plasmon band across the whole visible-NIR range ( Figure 5 ) [2, 49, 53] . Furthermore, the increase in the aspect ratio results in a non-linear increase of the full width at half maximum (FWHM) of longer wavelength absorption peak [54] . Several papers demonstrate a great improvement in visible-light-driven photocatalysis upon deposition of Ag and Au nanoparticles onto TiO2 nanostructures [2, 18, 20, [56] [57] [58] . However, the mechanism behind such an enhancement is still under debate. Three main hypotheses have been proposed so far:
• plasmon resonance effect: the direct injection of the electron excited from metal nanoparticles under visible radiation into the conduction band of the semiconductor is expected to occur [59, 60] ; • near-field effect: the plasmon resonance induces an electric field that causes a plasmon resonance energy transfer (PRET) from metal to TiO2. Such a PRET phenomenon is thought to enhance the electric field in a well-defined location resulting in a rapid formation of e − /h + pairs [61-64]; • far-field effect: an efficient scattering can be mediated by surface plasmon resonance, which Several papers demonstrate a great improvement in visible-light-driven photocatalysis upon deposition of Ag and Au nanoparticles onto TiO 2 nanostructures [2, 18, 20, [56] [57] [58] . However, the mechanism behind such an enhancement is still under debate. Three main hypotheses have been proposed so far:
• plasmon resonance effect: the direct injection of the electron excited from metal nanoparticles under visible radiation into the conduction band of the semiconductor is expected to occur [59, 60] ;
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• near-field effect: the plasmon resonance induces an electric field that causes a plasmon resonance energy transfer (PRET) from metal to TiO 2 . Such a PRET phenomenon is thought to enhance the electric field in a well-defined location resulting in a rapid formation of e − /h + pairs [61] [62] [63] [64] ; • far-field effect: an efficient scattering can be mediated by surface plasmon resonance, which increases the optical path of photons in TiO 2 that improve the excitation of e − /h + pairs [65] .
Moreover, noble metal nanoparticles can store photogenerated electrons, thus promoting charge separation in semiconductor-metal composite systems [66, 67] . Several other factors may also affect photocatalytic efficiency, e.g., the surface properties, the particle size of the catalysts their morphology, and the composition and organization of the metal and TiO 2 [68] . Therefore, great efforts have been devoted to the synthesis of well-controlled and highly efficient plasmonic metal-TiO 2 nanostructures [16, 18, 37] . Various synthetic approaches have been reported for the synthesis of TiO 2 and metal nanoparticle hybrid heterostructures. These include impregnation [69] , UV irradiation [66] , electrodeposition [70] , sonochemistry [71] , and hydrothermal [72] , sol-gel [73] , and flame-spray synthesis [74] . Although these methods have been demonstrated to be quite effective, getting fine control over particle size, size distribution and composition in the final materials still remains challenging [75] . Interestingly, noble metal loading of 1% or lower is generally regarded as optimal for a significant increase in the photocatalytic activity [58, 76, 77] .
Chemical Reduction of Metals at the TiO 2 Surface
Chemical reduction of metals at the TiO 2 surface is one of the simplest and most widely used methods for the preparation of plasmonic metal-TiO 2 nano-heterostructures. The general protocol involves the adsorption of metal precursors on the TiO 2 nanoparticle surface, followed by chemical reduction. Several reducing agents have been used to prepare Au or Ag nanoparticle-based TiO 2 hybrid nanocrystals [16] , namely: sodium citrate (Turkevich method) [78] , sodium borohydride (Brust method) [79] and other organic reagents [80] . For instance, water-dispersible anatase TiO 2 colloidal spheres of~220 nm in diameter have been exploited as templates to nucleate and grow Au nanoparticles on their surface. Such an approach employs AuCl 4− (aq) as the Au precursor, ascorbic acid as the reducing agent, and PVP as the stabilizer. It is worth noting that Au nanoparticle deposition does not require any chemical modification at the TiO 2 surface. Furthermore, the Au nanoparticle size could be tuned by performing sequential AuCl 4− (aq) reduction steps [75] . For instance, 5.7 nm Au nanoparticles have been deposited on the surface of TiO 2 P25 Aeroxide from Evonik (formerly known as TiO 2 P25 Degussa) by in situ chemical reduction in water. Trisodium citrate has been utilized to control and stabilize the growth of Au nanoparticles and to attain a nearly monodisperse size distribution, whereas NaBH 4 has been selected as the reducing agent [68] . Au nanoparticles can be grown onto semiconductor structures by a deposition-precipitation procedure, followed by calcination, as reported by Silva and co-workers [81] . Indeed, to achieve the deposition of Au nanoparticles on P25 TiO 2 HAuCl 4 has been reduced at 343 K and pH 9, followed by calcination at 673 K in air for 4 h. However, these two methods show poor control over the morphology of noble metal nanocrystals and are not able to avoid aggregation of metal nanoparticles, which may further limit their application [82] .
Photochemical Reduction of Metals at the TiO 2 Surface
Metal ions could be directly reduced at the semiconductor surfaces by using the electrons and holes generated by the irradiation of TiO 2 with UV light. Various hybrid nanocrystals such as TiO 2 -Ag [83] and TiO 2 -Au have been prepared by a photo-reduction method [84] . For instance, this approach has been applied to grow Ag or Au nanoparticles onto TiO 2 NRs [85, 86] or on TiO 2 supported on glass fibres [87] , thus generating heterostructures. Photodeposition of Au on sulphated TiO 2 (S-TiO 2 ) has been realised by illuminating gold salt under an inert atmosphere (N 2 ) with a lamp having a sun-like radiation spectrum and a main emission line in the UVA range at 365 nm, in a suspension of S-TiO 2 in distilled water containing isopropanol, which acts as a sacrificial donor [88] . Coating plasmonic metal nanoparticles with TiO 2 is another promising method [90] . Indeed, a TiO 2 shell can prevent the metal nanoparticles from aggregation, while versatile nanostructures can be obtained by coating different shapes of metal nanoparticles [82] ; Ag@TiO 2 nanostructures have been realized by the hydrolysis of titanium precursor on Ag core [56, 91] . Similarly, Au nanoparticles have been coated with a TiO 2 shell by the hydrolysis of the titanium precursor [92, 93] . Gold/Silver/Titania tri-layer core/shell/shell hybrid nanocrystals have been reported, demonstrating photocatalytic activity in the visible range [94] . Also, rod-like anisotropic Au nanoparticles have been coated with a TiO 2 shell, demonstrating the capability to enlarge the photoactivity of TiO 2 to visible light, owing to the presence of a longitudinal plasmon band [95, 96] .
Templates have been used to prepare sandwich-type nanostructures, like those prepared by Zhang et al., composed of SiO 2 /Au/TiO 2 by a sol-gel process. SiO 2 particles of 400 nm in diameter have been synthesised and functionalised with (3-aminopropyl)triethoxylsilane (APTES). In a second step, Au nanoparticles have been bound at the silica surface; subsequently, an amorphous TiO 2 shell has been grown on SiO 2 /Au hybrid particles [97] .
Recently, a TiO 2 shell with a thickness of about 4.5 nm has been grown onto a pre-synthetized Au NRs and Au/Ag core-shell NRs with aspect ratio of 2.3 by letting react titanium-(triethanolaminato) isopropoxide (TTEAIP) in isopropanol (80%) for 24 h under continuous stirring [98] . The UV-Vis extinction spectrum of the Au/TiO 2 core-shell nanoparticles dispersed in water (Figure 6c ) displayed a longitudinal surface plasmon resonance (SPR) band at 670 nm. Figure 5D ,E show the TEM images of the prepared Au/Ag core-shell NRs and Au/Ag/TiO 2 hybrid nanoparticles. The uniform TiO 2 shell onto the Au/Ag core of the hybrid nanoparticles can be observed in the TEM images (Figure 6e ). The UV-Vis extinction spectrum of the Au/Ag/TiO 2 core-shell nanoparticles in water (Figure 6f ) is characterised by a longitudinal SPR band centred at 670 nm.
Other Approaches
Recently, Au nanoparticles have been supported on TiO 2 -C 3 N 4 for CO oxidation under visible light irradiation. Firstly, heterostructured TiO 2 -C 3 N 4 microspheres have been prepared by using a hydrothermal method starting from titanium glycolate as a precursor and graphitic C 3 N 4 . Then, the TiO 2 -C 3 N 4 microspheres have been decorated with Au nanoparticles by letting HAuCl 4 react at alkaline pH (pH = 10) in the presence of Na 2 CO 3 . After washing and drying overnight, the powder has been calcinated at 350 • C for 2 h to obtain the catalysts [99] . [98] . The UV-Vis extinction spectrum of the Au/TiO2 core-shell nanoparticles dispersed in water (Figure 6c ) displayed a longitudinal surface plasmon resonance (SPR) band at 670 nm. Figure 5d ,e show the TEM images of the prepared Au/Ag core-shell NRs and Au/Ag/TiO2 hybrid nanoparticles. The uniform TiO2 shell onto the Au/Ag core of the hybrid nanoparticles can be observed in the TEM images (Figure 6e) . The UV-Vis extinction spectrum of the Au/Ag/TiO2 core-shell nanoparticles in water (Figure 6f ) is characterised by a longitudinal SPR band centred at 670 nm. Au-CuS-TiO 2 nanobelts (NBs) have also been successfully synthesised using a three-step approach and then applied for environmental remediation. Indeed, TiO 2 NBs have been prepared by electrochemical anodic oxidation. In the second step, CuS nanoparticles have been deposited on TiO 2 by the SILAR method (Successive ionic layer adsorption and reaction); finally, Au nanoparticles, have been electrodeposited on CuS/TiO 2 heterostuctures. Photoelectrochemical and photoluminescence investigation have demonstrated that the Au-CuS-TiO 2 NBs nanostructure hampers the recombination of photogenerated e − /h + pairs due to the efficient interfacial charge transfer. The ternary Au-CuS-TiO 2 NBs have demonstrated improved photocatalytic activity in removing the antibiotic oxytetracycline (OTC) in an aqueous solution under simulated solar irradiation [100] .
A one-pot solvothermal approach has been proposed for the fabrication of an Ag/Reduced Graphene Oxide/TiO 2 heterostructure, where Ag nanoparticles are generated from the reduction of AgNO 3 by dimethylacetamide [101] .
Photocatalytic noble metallic and bimetallic hybrid nanocomposites (Ag/TiO 2 /CNT) have been synthesised using a commercial source of multi-walled carbon nanotubes MWCNTs via a modified dry-mix metal-organic chemical vapour deposition method (MOCVD). In the first step, TiO 2 nanoparticles have been grown at the MWCNTs' surface by MOCVD. To deposit Ag onto the TiO 2 /CNTs, a defined amount of Ag acetylacetonate (97.5% purity) has been mixed with the nanocomposite structures and subjected to the MOCVD process [102] .
TiO 2 -Based Hybrid Nanocrystals, Including Magnetic Nanoparticles
The technological challenges related to the release of nanopowders into the environment need to be addressed by developing nanomaterials that are easy to recover and reuse. For this reason, a great deal of work has been devoted to enriching the properties of TiO 2 by rationally designed, magnetically recoverable hybrid nanocrystals able to perform photocatalytic reactions under visible light. Such heterostructures merge into one nano-system a photocatalytic moiety, namely TiO 2 nanocrystals, with a second component able to show magnetic properties and, in most cases, with a third unit able to extend the optical response of the system in the range of visible light. For TiO 2 -based magnetic hybrid nanocrystals, the typical configuration involves a magnetic core of Fe 3 O 4 and a photoactive shell of TiO 2 . Furthermore, in order to achieve a visible-light-active photocatalyst, the outer layer of TiO 2 is often functionalised with an additional component, able to absorb visible light as noble metal nanoparticles, carbon-based nanomaterials or low band gap semiconductors that have been described in detail in other sections of the present review. The core-shell morphology is often selected in order to design magnetically recoverable photocatalysts because it has the advantage of limiting the Fe 3 O 4 nanoparticles have been first silanised and coated with a layer of TiO 2 a sol-gel procedure, which makes use of tetra-n-butyl titanate as a TiO 2 precursor. Subsequently, the RGO has been connected to the heterostructure by an aminopropyltrimethoxysilane mediated assembling process [104] .
In a similar core-shell heterostructure, the visible light photocatalytic activity has been accomplished by growing an Ag 3 PO 4 shell onto a Fe 3 O 4 @TiO 2 core-shell system. The magnetic photocatalyst has been effective both in the photodegradation of a model dye, as well as in bacteria inactivation under visible light. Interestingly, the magnetic properties of the Fe 3 O 4 core have also been exploited during the synthetic procedure to separate heterostructures from the reaction medium. In this case, the TiO 2 has nucleated onto Fe 3 O 4 nanoparticles thanks to the hydrolysis of Ti(SO 4 ) 2 that promotes the formation of a layer of anatase TiO 2 wrapped around the Fe 3 O 4 . Finally, the deposition of Ag 3 PO 4 occurred by a precipitation method, giving rise to Ag 3 PO 4 nanoparticles at the surface of Fe 3 O 4 @TiO 2 [105] .
An alternative geometry of TiO 2 /Fe 3 O 4 -based heterostructures has been achieved by promoting the direct growth of Fe 3 O 4 on nanosheets of TiO 2 . TiO 2 nanosheets, indeed, are expected to provide an improved photocatalytic activity due to a faster interfacial electron transfer and an increased exposure of the {010} facet, which implies a higher number of surface OH groups. The formation of anatase and a rutile TiO 2 nanosheet has been promoted by the hydrolysis of titanium (IV) tetraisopropoxide in the presence of Pluronic P123, while spherical 
Heterostructures Containing C-Based Materials
New allotropes of carbon such as carbon nanotubes (CNTs), graphene (G), carbon dots (C-dots) and graphitic carbon nitride (C 3 N 4 ) have emerged in the last few years as effective and fascinating C-based nanomaterials to improve the photocatalytic activity of TiO 2 . Besides their high surface area, which implies an improved ability to absorb organic pollutants, they share the property of decreasing the e − /h + recombination rate, because C-based nanomaterials can effectively scavenge photoexcited electrons from the conduction band of TiO 2 . Furthermore, when they are combined with TiO 2 , they can provide visible light photocatalytic activity for two main reasons, according to the specific heterostructures. When C-dots and C 3 N 4 are combined with TiO 2 , forming heterostructures, they can act as photosensitizers, both being narrow band-gap semiconductors. CNTs-TiO 2 -based heterostructures show visible light photocatalytic activity according to the nature of CNTs (metallic CNTs, semiconducting CNTs, Multi-Walled CNTs or Single-Walled CNTs). Finally, the visible light photocatalytic activity of G-TiO 2 heterostructures is proposed to arise from a doping effect that is due to the formation of Ti-O-C bonds [108] . The synthetic techniques to prepare CNTs-TiO 2 , G-TiO 2 , C-dots-TiO 2 and C 3 N 4 -TiO 2 heterostructures aim to obtain close contact between TiO 2 and the carbon-based material to form a heterojunction able to maximise the interplay with TiO 2 . An additional goal of the synthesis procedure is to obtain a good dispersion of anatase TiO 2 nanocrystal on the C-based support; however, only a few works report strict control over the size and shape of TiO 2 nanocrystals in C-based heterostructures. The present section will describe selected procedures recently reported in the literature for the preparation of carbon-based TiO 2 heterostructures that have been demonstrated to be photoactive under visible light [108, 109] .
CNTs-TiO 2 -Based Heterostructures
CNTs-TiO 2 -based heterostructures are promising visible-light-active photocatalysts. In general, the preparation methods of CNTs-TiO 2 heterostructures aim to obtain a core-shell system where TiO 2 nanocrystal growth occurs directly on the CNTs' surface, thus resulting in a uniform coating. Such a goal is often accomplished by functionalising the surface of CNTs with carboxylic groups that can anchor the precursors of TiO 2 nanocrystals. Indeed, in a recent report, multi-walled CNTs (MWCNTs) have been functionalised with COOH groups that favour the growth of TiO 2 nanocrystals, which takes place by means of the hydrolysis of Ti(OBu) 4 in ethanol, followed by calcination. The procedure allows us to obtain a uniform dispersion of TiO 2 nanoparticles, limiting TiO 2 aggregation and favouring the growth along the {101} direction. The obtained TiO 2 /MWCNTs heterostructures have shown an absorption edge at 400 nm and photoactivity under visible light [110] . Alternatively, TiO 2 nanocrystals can be grown on SWCNTs (single walled carbon nanotubes) without the need for COOH moieties, just using a treatment with strong oxidizing acids-which, however, negatively affects the conductivity of CNTs [111] . SWCNTs dispersed in oleic acid have been exploited as a platform to obtain the direct growth of spherical (TiO 2 dots) or rod-shaped TiO 2 nanoparticles (TiO 2 NRs). The synthetic scheme involves the dispersion of SWCNTs in oleic acid and the subsequent injection of the Ti(iPrO) 4 as a TiO 2 nanocrystal precursor. When the introduction of Ti(iPrO) 4 occurs in the presence of an excess of water, TiO 2 NRs have been observed on the SWCNTs' surface; conversely, when a reduced amount of water is formed in situ, the TiO 2 nanosphere is grown directly on the SWCNT surface. Therefore, the amount of water in the reaction mixture drives the growth of rod-shaped or spherical nanocrystals on the SWCNT surface and, accordingly, SWCNTs/TiO 2 NRs or SWCNTs/TiO 2 dot heterostructures can be obtained. It is worth noting that the shape of TiO 2 nanoparticles in this case affects the photocatalytic activity of the heterostructure. Indeed, only SWCNTs/TiO 2 NRs have demonstrated improved photocatalytic activity under visible light. The authors explained that this results from invoking a doping-like effect, induced by the Ti-O-C bonds that are supposed to be more abundant in the case of SWCNTs/TiO 2 NRs, due to the higher contact between SWCNT and TiO 2 nanocrystals [17] .
Graphene-TiO 2 -Based Heterostructures
Graphene (G) has been widely exploited to improve the photocatalytic activity of TiO 2 nanocrystals. A visible-light-active TiO 2 -G-based photocatalyst has been achieved by Ismail and coworkers, who have synthesised TiO 2 -G-based heterostructures by carrying out the thermal treatment in oxidizing, inert or reducing atmospheres. Their work demonstrated that when an oxidizing atmosphere is used, along with the calcination step, graphene-oxide TiO 2 heterostructures (TiO 2 -GO) are obtained and it is possible to control their morphology by tuning the amount of TiO 2 precursor, namely Ti(iPrO) 4 . In particular, a low amount of Ti(iPrO) 4 gives rise to sheet-like structures with high thickness, smooth surface and wrinkled edges; conversely, a high amount of Ti(iPrO) 4 produces uniform and high-density TiO 2 particles on the entire GO surface [112] .
In order to finely tune the morphology of TiO 2 nanocrystals on the reduced graphene oxide surface (RGO), a possible strategy consists of the use of SiO 2 nanospheres as a sacrificial template. The procedure started with the synthesis of SiO 2 nanospheres and the subsequent fabrication of a TiO 2 layer on the SiO 2 surface. The obtained nanocomposite reacts with GO by a chemical bonding reaction. Such a process consists of a reaction between the as-prepared TiO 2 -SiO 2 nanocomposite and the GO. In particular, a water suspension of GO was dispersed in an ultrasonic bath; after that, TiO 2 -SiO 2 was added to the dispersion and the system was stirred for 12 h in order to allow the encapsulation process. This step promoted the formation of Ti-C bonds according to the X-ray photoelectron spectroscopy (XPS) characterisation. After the elimination of the SiO 2 template with NaOH, the sample was calcinated at 180 • C in order to promote the formation of the anatase phase. The subsequent hydrothermal reactions carried out in an autoclave and a microwave allowed us to transform GO into RGO, thus finally obtaining a heterostructure of RGO and TiO 2 hollow nanospheres [113] .
G-TiO 2 -based heterostructures have also been achieved with anisotropic TiO 2 nanocrystals. Such a heterostructure consists of graphene sheets functionalised with TiO 2 NRs in a sandwich-like arrangement. In this work, TiO 2 NRs have been grown on the G surface via a "seed-directed" hydrothermal route. According this procedure, Ti(OBu) 4 has been dispersed in an ultrasonic bath in the presence of G. The subsequent thermal treatment resulted in the formation of TiO 2 seeds on the G surface. Then, the growth of TiO 2 NRs was achieved by adding an extra amount of TiO 2 precursor and repeating the hydrothermal procedure [114] .
Other C-Based TiO 2 Heterostructures
C-dot, namely carbogenic carbon dots, are new carbon-based nanomaterials showing outstanding properties including high chemical stability, low toxicity and biocompatibility; in addition, they can be easily functionalised. Moreover, they display size-dependent visible light absorption and high photoluminescence properties. Accordingly, C-dots have a great potential for the functionalisation of TiO 2 with the aim of developing visible-light-active heterostructures. Liu and co-workers have synthesised a hierarchic TiO 2 heterostructure in the presence of pre-synthesised C-dot. Such heterostructures have been designed in order to improve the recoverability of the photocatalyst and obtain a visible-light-active photocatalyst. In particular, the heterostructure consists of TiO 2 NRs assembled in a microsphere of micrometric size. Subsequently, C-dots are anchored on TiO 2 microspheres uniformly covering the surface. The obtained heterostructures have demonstrated improved photocatalytic activity in the visible range in the degradation of rhodamine B in water [115] .
Hybrid nanocrystals that combine C-dot and TiO 2 nanoparticles can also be obtained by directly synthesising in situ the two components in a one-step process (Figure 7) . Such a goal has been achieved by realizing the hydrothermal growth of C-dot and TiO 2 directly in situ on graphene oxide as a supporting co-catalyst, exploiting glucose and TiCl 4 as precursors. The authors have remarked that the presence of glucose also affected the growth of TiO 2 nanocrystals. Because of the abundance of -OH groups, glucose molecules can surround TiO 2 nanocrystals, controlling their increase in size and limiting their aggregation [116] .
Catalysts 2017, 7, 100 14 of 32 Figure 7 . Illustration of the synthesis of a C-dot-TiO2-reduced graphene oxide nanocomposite and its application for photocatalytic water disinfection [116] . Copyright 2017, Elsevier.
Applications

Water Remediation
In the present section we give an overview of recently proposed TiO2-based heterostructures specifically designed for water purification by visible-light-driven photocatalysis. The increase in the amount and diversity of pollutants in ground and surface water has been caused by rapidly broadening industrialization and population growth. The European Directive 2000/60/CE has highlighted the need to adopt measures against water pollution in order to achieve a progressive reduction of pollutants [118] . Among the main causes of such increasing pollution is waste disposal into the water bodies from industry, which also induces the growth of micro-organisms in water [119] . Moreover, pollutants may also enter the water indirectly due to the use of plant health products in agriculture, as fertilizers and biocides. Indeed, one the major threats to water quality is chemical pollution from heavy metals, solvents, dyes, pesticides, antibiotics, etc.
In recent years, different alternatives for water cleaning such as adsorption or coagulation methods aimed just at concentrating pollutants by transferring them to other phases, without their complete elimination [120] . Alternative methods such as sedimentation, filtration, chemical and membrane technologies involve high operating costs and could generate toxic secondary pollutants in the ecosystem [121] . Conventional methods such as chlorination are widely used disinfection processes; however, chlorine can react with organic matter and other precursors to form regulated and emerging disinfection byproducts, which can be associated with cancer or another human pathologies [122] . These concerns have rapidly increased the interest of the scientific community in the field of "Advanced Oxidation Processes (AOPs)" as possible innovative alternatives to conventional disinfection processes. Water treatment based on photocatalysis provides an important choice with respect to the other advanced oxidation technologies such as UV-H2O2 and UV-O3. In particular, solar-based photocatalytic AOPs is one of the most promising, safe, low-cost and effective technologies for polluted water treatment, and has been applied to a wide range of environmental pollution situations [123] . Among AOPs, TiO2-based photocatalysis has recently emerged as an interesting water disinfection option for solar applications [122] , due to its high oxidative efficiency, photochemical stability, nontoxicity and low cost. However, the high recombination ratio of photoinduced e − /h + pairs and the poor response to visible light have hindered the application of TiO2 in photocatalysis. The current challenge is to investigate new photocatalysts based on TiO2 Figure 7 . Illustration of the synthesis of a C-dot-TiO 2 -reduced graphene oxide nanocomposite and its application for photocatalytic water disinfection [116] . Copyright 2017, Elsevier. C 3 N 4 has been successfully exploited in the literature in order to convey visible light photocatalytic activity to TiO 2 nanocrystals. In particular, graphitic C 3 N 4 (g-C 3 N 4 ) enhances the photocatalytic activity of TiO 2 because it displays a band gap of 2.69 eV (i.e., in the visible range), high thermal and chemical stability, and, like all C-based nanomaterials herein examined, can decrease the e − /h + recombination events. The growth of TiO 2 nanocrystals has been reported to occur directly on pre-synthesised g-C 3 N 4 in the presence of arginine. The role played by arginine is to functionalise the surface of g-C 3 N 4 by electrostatic interaction of H-bonds. When the negatively charged TiO 2 precursor (Titanium (IV) bis-(ammonium lactato) dihydroxide Ti-BALDH) is added to the reaction mixture, an H bond is formed. In particular, such an H bond involves the H atom of Ti-OH of the Ti-BALDH and the N atom of the C=NH group of arginine. The authors proposed that, thanks to this H-bond, the O atom of the Ti-OH group attacks a Ti atom of an adjacent Ti-BALDH molecule, according to a nucleofilic attack mechanism, thus resulting in a polycondensation reaction. The obtained heterostructure is characterised by g-C 3 N 4 nanosheets, uniformly covered by TiO 2 nanoparticles 10 nm in size. The heterostructure has a specific surface are of 109 m 2 /g and displays a notable absorption in the visible light region [117] .
Applications
Water Remediation
In the present section we give an overview of recently proposed TiO 2 -based heterostructures specifically designed for water purification by visible-light-driven photocatalysis. The increase in the amount and diversity of pollutants in ground and surface water has been caused by rapidly broadening industrialization and population growth. The European Directive 2000/60/CE has highlighted the need to adopt measures against water pollution in order to achieve a progressive reduction of pollutants [118] . Among the main causes of such increasing pollution is waste disposal into the water bodies from industry, which also induces the growth of micro-organisms in water [119] . Moreover, pollutants may also enter the water indirectly due to the use of plant health products in agriculture, as fertilizers and biocides. Indeed, one the major threats to water quality is chemical pollution from heavy metals, solvents, dyes, pesticides, antibiotics, etc.
In recent years, different alternatives for water cleaning such as adsorption or coagulation methods aimed just at concentrating pollutants by transferring them to other phases, without their complete elimination [120] . Alternative methods such as sedimentation, filtration, chemical and membrane technologies involve high operating costs and could generate toxic secondary pollutants in the ecosystem [121] . Conventional methods such as chlorination are widely used disinfection processes; however, chlorine can react with organic matter and other precursors to form regulated and emerging disinfection byproducts, which can be associated with cancer or another human pathologies [122] . These concerns have rapidly increased the interest of the scientific community in the field of "Advanced Oxidation Processes (AOPs)" as possible innovative alternatives to conventional disinfection processes. Water treatment based on photocatalysis provides an important choice with respect to the other advanced oxidation technologies such as UV-H 2 O 2 and UV-O 3 . In particular, solar-based photocatalytic AOPs is one of the most promising, safe, low-cost and effective technologies for polluted water treatment, and has been applied to a wide range of environmental pollution situations [123] . Among AOPs, TiO 2 -based photocatalysis has recently emerged as an interesting water disinfection option for solar applications [122] , due to its high oxidative efficiency, photochemical stability, nontoxicity and low cost. However, the high recombination ratio of photoinduced e − /h + pairs and the poor response to visible light have hindered the application of TiO 2 in photocatalysis. The current challenge is to investigate new photocatalysts based on TiO 2 nanoparticles suitably modified to shift the absorption edge of TiO 2 toward the visible region. Visible-light-active photocatalysts based on TiO 2 heterostructures have been exploited in the treatment of inorganic, organic, and biological contaminated water [124] .
A promising approach to enhance photocatalysis in the visible is to deposit a noble metal (Au, Ag) on the semiconductor nanoparticle surface, resulting in a semiconductor-noble metal heterostructure. This results in (1) surface plasmon resonance-induced photosensitization, which can be used to harvest visible light, and (2) the formation of a Schottky barrier at the noble metal-semiconductor interface, leading to a decrease in e − /h + recombination. For instance, the photocatalytic activity of Au NR/TiO 2 and Au/Ag NR/TiO 2 core-shell nanoparticles has been evaluated by the degradation of methylene blue, driven by visible light irradiation. It has been demonstrated that Au or Au/Ag NRs enhance the photocatalytic activity of TiO 2 . A reasonable mechanism beyond the enhanced photocatalytic dye degradation is reported in Figure 8 [67] .
In this case, the bimetallic Au/Ag core-shell NRs have shown significantly enhanced visible light photocatalytic efficiency due to their effective light absorption in the visible range. In addition, it has been shown that the position of longitudinal SPR of Au/Ag core-shell NRs could be tuned across the entire visible spectral range as a function of the Ag shell thickness. However, the high cost of gold limits the applications of Au/TiO 2 . Recently, a visible-light-active, silver-modified titania catalyst has been reported by Kowalska et al., for application in the decomposition of methanol, acetic acid, 2-propanol and Escherichia coli. In particular, antibacterial properties have been enhanced by visible light irradiation and modification with Ag nanoparticles. The increase of these properties under visible light has indicated that the intrinsic properties of Ag in the dark and the plasmonic properties of Ag/TiO 2 have been responsible for overall bacteria killing [125] .
be used to harvest visible light, and (2) the formation of a Schottky barrier at the noble metalsemiconductor interface, leading to a decrease in e − /h + recombination. For instance, the photocatalytic activity of Au NR/TiO2 and Au/Ag NR/TiO2 core-shell nanoparticles has been evaluated by the degradation of methylene blue, driven by visible light irradiation. It has been demonstrated that Au or Au/Ag NRs enhance the photocatalytic activity of TiO2. A reasonable mechanism beyond the enhanced photocatalytic dye degradation is reported in Figure 8 [67] . In this case, the bimetallic Au/Ag core-shell NRs have shown significantly enhanced visible light photocatalytic efficiency due to their effective light absorption in the visible range. In addition, it has been shown that the position of longitudinal SPR of Au/Ag core-shell NRs could be tuned across the entire visible spectral range as a function of the Ag shell thickness. However, the high cost of gold limits the applications of Au/TiO2. Recently, a visible-light-active, silver-modified titania catalyst has been reported by Kowalska et al., for application in the decomposition of methanol, acetic acid, 2-propanol and Escherichia coli. In particular, antibacterial properties have been enhanced by visible light irradiation and modification with Ag nanoparticles. The increase of these properties under visible light has indicated that the intrinsic properties of Ag in the dark and the plasmonic properties of Ag/TiO2 have been responsible for overall bacteria killing [125] . Nowadays, a reliable use of nanomaterials for photocatalytic degradation of pollutants, especially for water and wastewater purification, poses important concerns about the safe recovery and reuse of nanoparticles. Deposition of photocatalysts on substrates in the form of thin films could significantly simplify the separation procedure. As a possible solution, wood substrates (or natural organic polymer materials) have been used as profitable host materials of inorganic particles because the excellent electrical, magnetic and optical properties of inorganic materials can be preserved in the polymer matrix. In a recent study reported by Gao et al., Ag/TiO 2 -coated wood has been reported as a portable photocatalyst for green applications in the degradation of phenol, which could be easily removed from polluted water after use. Specifically, the wood decorated with Ag/TiO 2 composite film presented multiple properties, such as super-hydrophobicity, antibacterial actions against both Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria, and photodegradation of phenol under visible light [126] .
Moreover, recently, magnetic TiO 2 nanocomposites with core-shell structure have also gained increasing attention, as they can integrate the advantages of magnetic recovery and superior photocatalysis performance. A possible strategy is based on visible-light-active, multifunctional nanostructures, which show great promise as efficient and recyclable photocatalysts for environmental remediation. Petronella (Figure 9 ) [20] . These materials can be easily removed and recycled by applying an external magnetic field.
the photocatalytic degradation of the antibiotic nalidixic acid (NA) under visible light. The experimental results demonstrated that the TiO2NRs/FexOy/Ag nanostructure, with Ag nanoparticles of 12 nm in size, was 1.9 times faster than the commercial TiO2 P25 and 1.5 times faster than the TiO2NRs. Such an enhancement has been accounted for by the presence of Ag nanoparticles that enhance visible light photoactivity due to their peculiar plasmonic properties (Figure 9 ) [20] . These materials can be easily removed and recycled by applying an external magnetic field. In a recent review, it has been reported that aqueous pollutants such as methylene blue, benzene derivatives and carbamazepine have been efficiently photodegraded by CNT/TiO2 nanostructured composites [127] . In this case, the bond of carbon-oxygen-titanium can expand the light absorption towards longer wavelengths according to a C-doping-like mechanism and therefore potentially lead to the enhancement of photocatalytic activity under visible light. In addition, CNTs could act as [103] .
In a recent review, it has been reported that aqueous pollutants such as methylene blue, benzene derivatives and carbamazepine have been efficiently photodegraded by CNT/TiO 2 nanostructured composites [127] . In this case, the bond of carbon-oxygen-titanium can expand the light absorption towards longer wavelengths according to a C-doping-like mechanism and therefore potentially lead to the enhancement of photocatalytic activity under visible light. In addition, CNTs could act as micrometric supports to be dispersed in contaminated water and recovered by decantation or filtration. As an example, SWCNT/TiO 2 NRs heterostructures have been successfully employed for the degradation of a mixture of 22 selected organic pollutants in real secondary wastewater effluent under simulated solar light. This photocatalyst presents high efficiency, can be easily recovered from the aqueous solution by mild centrifugation or filtration and, consequently, could be reused for subsequent batches of photocatalytic treatment [19] .
Similarly, two semiconductors possessing different CB and VB energy levels can also be effectively coupled to enhance photocatalytic properties. Such an enhancement is explained as a result of vectorial transfer of photogenerated electrons and holes from one semiconductor to another, thus inhibiting the recombination of e − /h + pairs, e.g., WO 3 /TiO 2 [35] [128] , RGO/TiO 2 [129] . In particular, Yang et al. have investigated the effect of the coupled Bi 2 O 3 /TiO 2 photocatalysts on the photocatalytic reduction of Cr(VI) with the synergistic effect of photodegradation bisphenol A (BPA) in an aqueous solution under visible-light irradiation. These photocatalysts, at different Bi 2 O 3 dosages, have been fabricated by sol-gel and hydrothermal process. For example, 2.0% Bi 2 O 3 /TiO 2 exhibited the highest photocatalytic activity of visible-light-induced reduction of Cr(VI). Upon irradiation by visible light, photo-electrons, generated by exciting Bi 2 O 3, promoted the reduction of Cr(VI) to Cr(III). The addition of BPA increased the photocatalytic reduction of Cr(VI) and the presence of Cr(VI) significantly promoted the degradation of BPA (Figure 10 ) [128] . Figure  10 ) [128] . A palladium-modified nitrogen-doped titanium oxide (TiON/PdO) photocatalyst has been proposed for the photocatalytic disinfection of biological pollutants under visible light irradiation. PdO served as photoelectron trapping centres, thus reducing the e − /h + pair recombination rate and increasing the lifetime of charge carriers, leading to much higher production of reactive oxidant species. In particular, this heterostructure is a very promising, environmentally friendly and costeffective alternative method to treat blue algae in water. As reported by Wang et al., TiON/PdO has demonstrated superior photocatalytic disinfection efficiency on Anabaena sp. PCC 7120 under visible light illumination. Chlorophyll a content in blue algae cells has been completely removed by TiON/PdO nanoparticles after a few hours of visible light illumination. This result, in terms of the photocatalytic disinfection process, has mainly been attributed to the catalyst leakage, which caused severe damage on the cell wall/membrane of blue algae cells. TiON/PdO nanoparticles have also demonstrated a high photocatalytic degradation percentage of Microcystin LR under visible light illumination [130] .
Photocatalytic Removal of Atmospheric Pollutants
The abundance of NOx and VOCs (volatile organic compounds) in the atmosphere is an increasing environmental concern with harmful consequences not only for the environment, but also A palladium-modified nitrogen-doped titanium oxide (TiON/PdO) photocatalyst has been proposed for the photocatalytic disinfection of biological pollutants under visible light irradiation. PdO served as photoelectron trapping centres, thus reducing the e − /h + pair recombination rate and increasing the lifetime of charge carriers, leading to much higher production of reactive oxidant species. In particular, this heterostructure is a very promising, environmentally friendly and cost-effective alternative method to treat blue algae in water. As reported by Wang et al., TiON/PdO has demonstrated superior photocatalytic disinfection efficiency on Anabaena sp. PCC 7120 under visible light illumination. Chlorophyll a content in blue algae cells has been completely removed by TiON/PdO nanoparticles after a few hours of visible light illumination. This result, in terms of the photocatalytic disinfection process, has mainly been attributed to the catalyst leakage, which caused severe damage on the cell wall/membrane of blue algae cells. TiON/PdO nanoparticles have also demonstrated a high photocatalytic degradation percentage of Microcystin LR under visible light illumination [130] .
The abundance of NO x and VOCs (volatile organic compounds) in the atmosphere is an increasing environmental concern with harmful consequences not only for the environment, but also for human health. Their release in the atmosphere is mainly related to anthropogenic sources: combustion processes, fossil fuels, car exhausts, paints and coatings, cleaning products, refrigerants and furnishings. The removal of NO x and VOCs is of paramount importance for both open and indoor air. In particular, people spend much of their time indoors, therefore long-term exposure to VOCs and NO x in the indoor environment can contribute to "sick building syndrome" [131] . Unfortunately, UV-driven photocatalysis is not advisable for indoor application due to the adverse effect of UV light on human health upon long exposure. Therefore, there is increasing demand for photocatalysts able to exploit sunlight or commonly used visible light sources.
3.2.1. Photocatalytic Degradation of NO x NO x denotes both nitrogen(II) oxide (NO) and nitrogen(IV) oxide (NO 2 ). In particular, during combustion processes, NO is generated and afterwards is oxidized to NO 2 by the atmospheric oxygen. Therefore, the largest contribution to total NO x emissions is linked to anthropogenic activities including stationary power plants and automobile engines. The effects of NO x on the environment include acid rain, photochemical smog, and ozone layer depletion; furthermore, increasing NO x emissions produce an indirect impact on the greenhouse effect, as well as on human health. Several methods have been developed in order to decrease the production of NO. Primary methods involve the reduction of NO emissions inside a combustion zone, whereas secondary methods consist of catalytic and photocatalytic processes. Among secondary methods, TiO 2 -assisted photocatalysis is gaining increasing attention, as demonstrated by the huge number of commercial products and patented materials specifically designed for this application [9, 132] . The photocatalytic NO x removal occurs through subsequent oxidation reactions that ultimately lead to the production of HNO 3 . The photocatalytic removal of NO x , assisted by TiO 2 , can also take place by photo-decomposition reactions that generate N 2 as the final product [132] . The examples reported in the literature on photocatalytic NO x abatement make use of TiO 2 nanoparticles and UV light. Conversely, the applications of visible-light-active TiO 2 -based heterostructures for photocatalytic NO x removal are hardly reported. The present section will focus on TiO 2 -based heterostructures, designed in order to effectively obtain photocatalytic NO x removal under visible light. For this purpose, a system with coupled semiconductors has been prepared by Balbuena et al. In particular, a TiO 2 /Fe 2 O 3 heterojunction has been deposited on a silicon substrate by plasmochemical techniques and successfully applied for NO removal under visible light. The proposed heterostructure has been demonstrated to be more effective than TiO 2 P25 in the same experimental conditions. The authors have claimed that TiO 2 /Fe 2 O 3 has also shown increased selectivity towards HNO 3 (63%) compared to the benchmark TiO 2 P25 (25%). The effectiveness of the TiO 2 /Fe 2 O 3 heterostructure has been related to the twofold role played by Fe 2 O 3 : on one hand, it improves the visible light harvesting; on the other hand, it contributes to decreased e − /h + recombination events [133] .
Promising outcomes in the photocatalytic NO removal under visible light have been achieved by exploiting TiO 2 -based heterostructures, modified with graphene oxide (TiO 2 /GO) and surfactant-modified graphene (ssG/TiO 2 ). Both the heterostructures have provided NO x removal efficiency two times higher than that of the unmodified TiO 2 . Surprisingly, such improvement has not been ascribed to the higher surface area nor to the E g of the heterostructures, but to the excellent ability of graphene to accumulate photogenerated electrons, thus improving charge separation [134] . A further example of the efficiency of the C-based TiO 2 heterostructures can be seen in the NO removal under visible light irradiation reported by Ma and co-workers. TiO 2 P25 modified with C 3 N 4 , by a solvothermal procedure, has displayed selectivity higher than that of the heterostructure prepared by the mechanical mixing of TiO 2 and C 3 N 4 . Such a result has highlighted the importance of effective interaction between TiO 2 and C 3 N 4 for the preparation of a performant photocatalyst [135] .
The integration of noble metal nanoparticles at the surface of TiO 2 nanocrystals has been a widely recognised and successful strategy for improving the photocatalytic activity of TiO 2 under both UV and visible light irradiation. In a very recent paper, TiO 2 modified with Ag nanoparticles has been investigated to promote the photocatalytic decomposition of NO to N 2 . Interestingly, as in the case of C 3 N 4 /TiO 2 heterostructure, TiO 2 /Ag has not shown higher NO removal but has displayed strong improvement in reaction selectivity and in particular in the conversion of NO to N 2 . This is a crucial point because high selectivity means that the photocatalyst has not led to secondary pollution, generating harmful byproducts. The authors have shown that as the Ag loading decreases, the amount of photocatalytic conversion of NO to N 2 increases. Ag nanoparticles have been found to play two distinct functions: the first is to contribute to visible light harvesting thanks to the surface plasmon resonance phenomenon; the second is to provide a source of Ag + ions that interact with the byproduct N 2 O, forming an Ag + -N 2 O complex that can be rapidly decomposed to N 2 [136] .
Photocatalytic Degradation of VOCs
Polluting volatile organic compounds (VOCs) have been demonstrated to be involved in the production of tropospheric ozone and secondary organic aerosol. Many VOCs are toxic and carcinogenic. The most common VOCs are halogenated hydrocarbons, ketones, alcohols and aromatic compounds widely used in many industries, and are often found in the emissions. Photocatalytic processes assisted by TiO 2 surfaces may potentially remove VOCs, leading to benign and odourless constituents such as water vapour (H 2 O) and carbon dioxide (CO 2 ) [2] .
Demeestere et al. demonstrated the degradation of gaseous trichloroethylene (TCE) and dimethyl sulphide (DMS) in a batch reactor by CdS-modified TiO 2 under visible irradiation [137] . LaVO 4 /TiO 2 heterostructures prepared by the sol-gel method have been reported to efficiently degrade benzene in the gaseous phase in a fixed-bed reactor under irradiation with a 500 W Xe arc lamp [138] . Efficient air purification has been proposed by Xiao et al. The InVO 4 -modified mesoporous nanocrystalline TiO 2 heterostructures prepared by the sol-gel method and the degradation of up to five organic pollutants (e.g., benzene, toluene, cyclohexane, acetone and/or ethylbenzene) have been investigated under 500 W Xe arc lamp irradiation [139] . The degradation of acetone in the gas phase under a visible light supplied by Sunlite 8 W white LED lamp phase has been achieved by exploiting Bi 2 WO 6 -modified TiO 2 nanoparticles [140] . CNT/TiO 2 nanofibers have been integrated in a simulated air purifier. The heterostructure was irradiated under visible light (λ = 435 nm). Benzene vapour has been selected as a target compound, achieving 50% degradation after 120 min of irradiation [141] . Metallic copper nanoparticles have been exploited to decorate TiO 2 and to investigate the photocatalytic degradation of gaseous acetone and acetaldehyde under visible LED irradiation (400-700 nm). The authors reported a 27% degradation for acetone and 16% degradation for acetaldehyde after 6 h of irradiation [142, 143] .
Self-Cleaning Surfaces
Self-cleaning materials have gained considerable attention both for their unique properties and their practical applications in the energy and environmental fields. Such materials possess chemical and textural features inspired by nature: lotus leaves, butterfly wings and fish scales [144] . In particular, TiO 2 is an attractive material for its self-cleaning properties, which originate from a combination of the photocatalytic oxidative decomposition of organic contaminants and superhydrophilicity. The latter is induced by the generation of charged species at the TiO 2 surface upon irradiation, which causes water droplets to spread on the TiO 2 surface, thus favouring the cleaning process [145] . In order to improve the photocatalytic self-cleaning property in the visible region of the solar spectrum [146] , several strategies have been reported in the literature, including the formation of hetero-junctions between TiO 2 and other low-bandgap semiconductors, modification of TiO 2 with metals and non-metals, and fabrication of graphene-based hybrid nanocatalysts.
Srinivasan et al. reported that a layered TiO 2 /WO 3 /Pt thin film shows high photocatalytic activity to remove surface organic contaminants (stearic acid) and superhydrophilicity under visible light illumination. This material has been fabricated on a glass substrate by forming thin-layer TiO 2 on WO 3 with underlying Pt nanoparticles. In this case, a TiO 2 layer coated on WO 3 plays a dual role: as co-catalyst for an enhanced charge separation by hole transfer and as a protective layer to improve the chemical stability of WO 3 [147] .
Tian et al. have synthesised hierarchical flake-like Bi 2 MoO 6 /TiO 2 bilayer films with controlled surface morphological structure by a facile solvothermal process. In this study, to evaluate the photocatalytic oxidative decomposition performance of the bilayer films, the degradation of alizarin red ARS (an anthraquinone dye) under visible light irradiation has been examined. Specifically, the Bi 2 MoO 6 /TiO 2 bilayer films exhibit a much higher (85%) photodegradation percentage of ARS than that of single-layer TiO 2 and Bi 2 MoO 6 films. This significant visible-light self-cleaning performance could be attributed to the synergistic effect of a hierarchical flake-like porous surface with large surface area, superhydrophilicity, and effective charge separation due to the heterojunction interface between the two semiconductors [145] .
Qiu et al. have reported that the Cu x O/TiO 2 photocatalyst provides effective VOCs removal and antimicrobial activity in indoor environments. Specifically, the Cu II species in the Cu x O/TiO 2 improve the visible-light driven photo-oxidation of VOCs, whereas the Cu I species provide antimicrobial properties under dark conditions. Such effective VOCs decomposition and antipathogenic activity have been attained in Cu x O/TiO 2 heterostructures by tuning the ratio between Cu I and Cu II in Cu x O [148] .
Verbruggen et al. reported a plasmonic gold-silver alloy on the TiO 2 photocatalyst. In this case, Au 0.3 Ag 0.7 nanoparticles on TiO 2 P90 (from Evonik, Essen, Germany) generate an SPR signal at 490 nm, which matched the intensity maximum of the solar spectrum. This material showed a higher degradation of stearic acid under the pure visible light (490 nm) illumination provided by LEDs than pristine TiO 2 . Moreover, the ability to carefully control the light response of photoactive materials could lead to the development of more efficient solar-light-driven photocatalytic processes ( Figure 11 ) [149] .
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Qiu et al. have reported that the CuxO/TiO2 photocatalyst provides effective VOCs removal and antimicrobial activity in indoor environments. Specifically, the Cu II species in the CuxO/TiO2 improve the visible-light driven photo-oxidation of VOCs, whereas the Cu I species provide antimicrobial properties under dark conditions. Such effective VOCs decomposition and antipathogenic activity have been attained in CuxO/TiO2 heterostructures by tuning the ratio between Cu I and Cu II in CuxO [148] .
Verbruggen et al. reported a plasmonic gold-silver alloy on the TiO2 photocatalyst. In this case, Au0.3Ag0.7 nanoparticles on TiO2 P90 (from Evonik, Essen, Germany) generate an SPR signal at 490 nm, which matched the intensity maximum of the solar spectrum. This material showed a higher degradation of stearic acid under the pure visible light (490 nm) illumination provided by LEDs than pristine TiO2. Moreover, the ability to carefully control the light response of photoactive materials could lead to the development of more efficient solar-light-driven photocatalytic processes ( Figure  11 ) [149] . Recently, self-cleaning textiles (such as cotton, wool and polyester) with nano-photocatalyst coatings have attracted attention due to their potential applications at a large scale to make human life more convenient. TiO2 or TiO2/SiO2 nanosols incorporating noble metals have been developed for cotton fabrics with visible-light-driven self-cleaning performance [150] .
The Au/TiO2/SiO2-coated woven cotton fabrics reported by Wang et al. have demonstrated the removal of stains such as coffee and red wine. The Au/TiO2/SiO2 samples have shown significant visible-light self-cleaning performance in comparison to TiO2 only-treatment. They have observed that the decolouration of a red wine stain in Au/TiO2/SiO2 is more significant after 20 h of irradiation in comparison with TiO2-treated woven cotton fabrics, while both TiO2 and Au/TiO2/SiO2 samples Recently, self-cleaning textiles (such as cotton, wool and polyester) with nano-photocatalyst coatings have attracted attention due to their potential applications at a large scale to make human life more convenient. TiO 2 or TiO 2 /SiO 2 nanosols incorporating noble metals have been developed for cotton fabrics with visible-light-driven self-cleaning performance [150] .
The Au/TiO 2 /SiO 2 -coated woven cotton fabrics reported by Wang et al. have demonstrated the removal of stains such as coffee and red wine. The Au/TiO 2 /SiO 2 samples have shown significant visible-light self-cleaning performance in comparison to TiO 2 only-treatment. They have observed that the decolouration of a red wine stain in Au/TiO 2 /SiO 2 is more significant after 20 h of irradiation in comparison with TiO 2 -treated woven cotton fabrics, while both TiO 2 and Au/TiO 2 /SiO 2 samples have shown significant decolouration of concentrated coffee stains after 20 h of visible light irradiation [151] .
Furthermore, Pakdel et al. have studied the enhancement of photocatalytic activities using ternary TiO 2 -based systems (TiO 2 /metal/SiO 2 ) in textile applications. In this study, three types of noble metals, Pt, Au and Ag, have been incorporated into TiO 2 and TiO 2 /SiO 2 colloids at different concentrations ( Figure 12) . Moreover, the photocatalytic activity of this material has been analysed by investigating coffee stain removal and MB degradation rates under visible light. The reported results demonstrate an enhancement in the photocatalytic activity upon metal nanoparticles' addition to the ternary system. purpose ( Figure 13 ). The samples have accelerated the Escherichia coli inactivation under actinic and simulated solar light. The experimental results shown that the fastest bacterial inactivation has been obtained for the TiO2 10 min-In2O3 10 s sputtered sample. In particular, for this sample, the inactivation time has been reduced to 90 min by simulated sunlight irradiation with 50 mW/cm 2 . In addition, thinner TiO2-In2O3 coatings have led to bacterial inactivation faster than was found for TiO2-In2O3 layers due to the reverse diffusion of the generated charges [153] . In 2 O 3 /TiO 2 has been deposited by reactive sputtering onto polyester textiles for disinfection purpose ( Figure 13 ). The samples have accelerated the Escherichia coli inactivation under actinic and simulated solar light. The experimental results shown that the fastest bacterial inactivation has been obtained for the TiO 2 10 min-In 2 O 3 10 s sputtered sample. In particular, for this sample, the inactivation time has been reduced to 90 min by simulated sunlight irradiation with 50 mW/cm 2 . In addition, thinner TiO 2 -In 2 O 3 coatings have led to bacterial inactivation faster than was found for TiO 2 -In 2 O 3 layers due to the reverse diffusion of the generated charges [153] .
An electroconductive, self-cleaning, antibacterial and antifungal graphene/titanium dioxide-coated cotton fabric has been reported by Karimi et al. The cotton fabrics have been coated with graphene oxide, and later reduced by titanium trichloride obtaining graphene/titanium dioxide nanocomposite on the surface. The experimental results have indicated that, under sunlight irradiation, the graphene/TiO 2 -treated samples showed a photocatalytic MB degradation efficiency up to 87%, while TiO 2 -coated cotton showed slight MB degradation. Moreover, the graphene/titanium dioxide-coated cotton samples show negligible toxicity, while possessing antimicrobial activity [154] .
Another brilliant system is a triple functional (self-cleaning, photocatalytic, thermochromic) nanomaterial with application in energy-saving smart windows. In particular, titania-vanadia systems have been studied extensively in the literature due to two advantageous properties, namely TiO 2 photocatalytic performance and the thermochromic characteristics of vanadium dioxide (VO 2 ). The film deposited on glass exhibited remarkable hydrophobicity, with the potential for self-cleaning under visible light. Furthermore, these materials show enhanced transmittance in the visible and near-infrared switching efficiency, similar to the behaviour of an antireflective coating [155] . An electroconductive, self-cleaning, antibacterial and antifungal graphene/titanium dioxidecoated cotton fabric has been reported by Karimi et al. The cotton fabrics have been coated with graphene oxide, and later reduced by titanium trichloride obtaining graphene/titanium dioxide nanocomposite on the surface. The experimental results have indicated that, under sunlight irradiation, the graphene/TiO2-treated samples showed a photocatalytic MB degradation efficiency up to 87%, while TiO2-coated cotton showed slight MB degradation. Moreover, the graphene/titanium dioxide-coated cotton samples show negligible toxicity, while possessing antimicrobial activity [154] .
Another brilliant system is a triple functional (self-cleaning, photocatalytic, thermochromic) nanomaterial with application in energy-saving smart windows. In particular, titania-vanadia systems have been studied extensively in the literature due to two advantageous properties, namely TiO2 photocatalytic performance and the thermochromic characteristics of vanadium dioxide (VO2). The film deposited on glass exhibited remarkable hydrophobicity, with the potential for self-cleaning under visible light. Furthermore, these materials show enhanced transmittance in the visible and near-infrared switching efficiency, similar to the behaviour of an antireflective coating [155] .
Moreover, manufactured nanomaterials and nanocomposites have been considered to advance conventional construction materials in the construction industry. The presence of nanomaterials can improve vital characteristics of construction materials such as strength, durability and lightness. Despite the high cost of these construction materials, their use in building applications is attributed to (1) highly valuable properties conveyed at relatively low additive loading; (2) rapid development of new applications exploiting particular nanomaterials' properties; (3) decreasing production cost of nanomaterials as their large-scale production increases [156] .
Nevertheless, the benefits of incorporating nanomaterials in construction materials may be offset by concerns about their release into the environment as harmful contaminants, from the time of construction to demolition and disposal [156] . Such materials may transform over time via physical, chemical or biological processes. Unfortunately, few studies currently published have investigated the long-term physical and chemical changes of embedded nanomaterials and their associated hazards [157] . The use of these materials has already raised issues concerning their toxicity. Products Moreover, manufactured nanomaterials and nanocomposites have been considered to advance conventional construction materials in the construction industry. The presence of nanomaterials can improve vital characteristics of construction materials such as strength, durability and lightness. Despite the high cost of these construction materials, their use in building applications is attributed to (1) highly valuable properties conveyed at relatively low additive loading; (2) rapid development of new applications exploiting particular nanomaterials' properties; (3) decreasing production cost of nanomaterials as their large-scale production increases [156] .
Nevertheless, the benefits of incorporating nanomaterials in construction materials may be offset by concerns about their release into the environment as harmful contaminants, from the time of construction to demolition and disposal [156] . Such materials may transform over time via physical, chemical or biological processes. Unfortunately, few studies currently published have investigated the long-term physical and chemical changes of embedded nanomaterials and their associated hazards [157] . The use of these materials has already raised issues concerning their toxicity. Products containing nanoparticles should be labelled in order to facilitate future separation and recycling procedures [158] .
A variety of nanomaterials can have beneficial applications in construction, such as concrete, steel, glass windows, pavement, walls, roofs, paint and coatings [156] . The integration of photocatalysts in building materials started from the early 1990s, with TiO 2 being one of the most widely used materials [159] . Embedding TiO 2 building materials provide several advantages: (1) relatively low cost and chemical stability; (2) high photocatalytic activity; (3) compatibility with conventional construction materials, such as cement, retaining their original performance; and (4) photoactivity even under weak solar irradiation in atmospheric environment [160] .
Several applications of TiO 2 related to building materials have been reported in the literature, namely embedding in concrete, mortars, and ceramics, or exploited as a coating on glass and building stone surfaces. In recent years, TiO 2 has also proved promising for the conservation of stone in Cultural Heritage [161] . Indeed, photocatalysts applied as coatings on buildings and stone structures may preserve the original appearance of the structures, slowing down degradation processes and thus reducing surface soiling and the need for costly cleaning operations [162, 163] .
Over the past 30 years, the enhancement of TiO 2 photocatalytic activity has been obtained through the addition of a metal dopant (such as Ag, Au, and Pt) and oxides (such as SiO 2 , ZnO, etc.), thus improving self-cleaning and antibacterial properties [162] . Photocatalytic applications of visible active TiO 2 -based nanoheterostructures already have a role in the fields of photocatalytic construction and building materials. However, due to their prohibitive cost and/or incompatibility with cementitious materials, their large-scale application in this field remains rather limited [164] .
Among noble metals, Ag has been widely used owing to its high efficiency and its ability to provide tuneable surface plasmons in the visible spectral range. Pinho et al. synthesised Ag/TiO 2 /SiO 2 photocatalysts suitable for outdoor application as self-cleaning and decontaminating coatings on stones and other building materials. This material has been applied on a pure limestone employed in both modern and ancient buildings. An SiO 2 matrix has been used for two reasons: (1) to avoid the oxidation of silver and tune the distance between silver and TiO 2 nanoparticles; and (2) to prevent the release of TiO 2 into the environment, thanks to the shielding action of the SiO 2 matrix that embeds the catalysts [163] .
Specifically, the integration of high Ag loadings in a TiO 2 -SiO 2 network (10% w/w) has been reported to significantly increase the photoactivity of a coating containing 1% (w/v) TiO 2 due to the improved visible light absorption and the high surface area of the photocatalyst. Another recent study reports that a nitrogen and carbon co-modified TiO 2 photocatalyst (TiO 2 -N,C) can be implemented in cementitious materials to promote self-cleaning properties [165] . The self-cleaning properties of the prepared cement samples have been tested through the degradation of model organic compounds (Monoazo dye Reactive Red 198, RR 198) under UV-Vis light. The best self-cleaning properties have been found in cement plates containing 10 wt % of TiO 2 /N, C-300 photocatalyst, after 100 h of UV-Vis light irradiation (Figure 14) . 
Conclusions
Photocatalytically active hybrid nanomaterials, addressing the increasing demand of materials responsive to visible light, could pave the way toward large-scale application of photocatalysis for environmental remediation.
In the present review we have focused on those hybrid nanocrystals based on TiO2, reporting 
In the present review we have focused on those hybrid nanocrystals based on TiO 2 , reporting several examples of synthetic procedures and discussing their potential in water remediation, the abatement of atmospheric pollutants (NO x and VOCs) and their exploitation as self-cleaning materials. The survey of the literature has demonstrated the great progress achieved in the field of hybrid nanocrystal synthesis, offering the opportunity to precisely control the chemistry, geometry and chemical-physical properties of hybrid nanocrystals. Studies on the photocatalytic activity of such nanocatalysts, although showing that their large-scale application is still a challenge, indicate that such nanomaterials hold great promise for the degradation of organic and inorganic pollutants in the water or gas phase.
